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The electromagnetic form factors of octet baryons are investigated with the nonlocal chiral effec-
tive theory. The nonlocal interaction generates both the regulator which makes the loop integral
convergent and the Q2 dependence of form factors at tree level. Both octet and decuplet interme-
diate states are included in the one loop calculation. The momentum dependence of baryon form
factors are studied up to 1 GeV2 with the same number of parameters as for the nucleon form
factors. The obtained magnetic moments of all the baryon octets as well as the radii are in good
agreement with the experimental data and/or lattice simulation.
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2I. INTRODUCTION
The study of electromagnetic form factors of hadrons is of crucial importance to understand their sub-structure.
A lot of theoretical and experimental efforts have been made in this field. On the one hand, with the upgrade of the
experimental facility, the parton distribution functions (PDFs) from the deep inelastic scattering as well as the form
factors at relatively large momentum transfer from the elastic scattering can be extracted [1, 2]. On the other hand,
many measurments on form factors have been carried out at very small momentum transfer to get the information of
nucleon radii as accurate as possible [3, 4].
Theoretically, though QCD is the fundamental theory to describe strong interactions, it is difficult to study hadron
physics using QCD directly. There are many phenomenological models, such as the cloudy bag model [5], the con-
stituent quark model [6], the 1/Nc expansion approach [7], the Nambu-Jona-Lasino (NJL) model [8], the perturbative
chiral quark model (PCQM) [9], the extended vector meson dominance model [10], the SU(3) chiral quark model
[11], the quark-diquark model [12], etc. These model calculations are helpful to provide the physical scenario for the
hadron structure.
Besides the phenomenological quark models, there are two systematic methods in hadron physics. One is the
lattice simulation and the other is effective field theory (EFT) or chiral perturbation theory (ChPT). Historically,
most formulations of ChPT are based on dimensional or infrared regularization. Though ChPT is a successful
approach, for the nucleon electromagnetic form factors, it is only valid for Q2 < 0.1 GeV2 [13]. When vector mesons
are included, the result is close to the experiments when Q2 is less than 0.4 GeV2 [14]. An alternative regularization
method, namely finite-range-regularization (FRR) has been proposed. Inspired by quark models that account for the
finite-size of the nucleon as the source of the pion cloud, effective field theory with FRR has been widely applied to
extrapolate lattice data of vector meson mass, magnetic moments, magnetic form factors, strange form factors, charge
radii, first moments of GPDs, nucleon spin, etc [15–24].
Recently, we proposed a nonlocal chiral effective Lagrangian which makes it possible to study the hadron properties
at relatively large Q2 [25, 26]. The nonlocal interaction generates both the regulator which makes the loop integral
convergent and the Q2 dependence of form factors at tree level. The obtained electromagnetic form factors and
strange form factors of nucleon are very close to the experimental data [25, 26]. This nonlocal chiral effective theory
was also applied to study the parton distribution functions and Sivers functions of sea quark in nucleon [27, 28]. In
addition, the nonlocal behavior is further assumed to be a general property for all the interactions and an example of
this assumption is the application to the lepton anomalous magnetic moments [29].
Since the nonlocal effective theory provides good descriptions to the nucleon form factors up to relatively large
momentum transfer. In this paper, we will extend our study from nucleon to all the octet baryons. While the
nucleon form factors are precisely determined experimentally, those of the other octet baryons are significantly more
challenging to measure and as a result are poorly known from nature. Compared with the experiments, for the lattice
gauge theory, it is not very difficult to extend the simulation of the nucleon form factors to the other octet form
factors. Some lattice simulations on octet form factors have been reported [30–32]. Here, we will apply the nonlocal
chiral effective theory to investigate the form factors of all the octet baryons. The paper is organized as follows.
In section II, we will introduce the nonlocal chiral Lagrangian. The octet form factors are derived in section III.
Numerical results are presented in section IV and finally, section V is a short summary.
II. CHIRAL EFFECTIVE LAGRANGIAN
The lowest order chiral Lagrangian for baryons, pseudo-scalar mesons and their interactions can be written as
[25, 27, 33, 34],
L = i T r B¯γµ /DµB −mB Tr B¯B + T¯ abcµ (iγµναDα − mT γµν)T abcν +
f2
4
Tr ∂µΣ ∂
µΣ†
+DTr B¯γµγ5 {Aµ, B}+ F Tr B¯γµγ5 [Aµ, B] + C
f
abcT¯ deµ,a (g
µν + zγµγν)Bce∂νφbd +H.C,
(1)
where D, F and C are the coupling constants. The chiral covariant derivative Dµ is defined as DµB = ∂µB + [Vµ, B].
The pseudo-scalar meson octet couples to the baryon field via the vector and axial-vector combinations as
Vµ =
1
2
(ζ∂µζ
† + ζ†∂µζ) +
1
2
ieA µ(ζ†Qc ζ + ζ Qc ζ†), Aµ =
i
2
(ζ∂µζ
† − ζ†∂µζ)− 1
2
eA µ(ζ Qc ζ
† − ζ†Qc ζ), (2)
3where
ζ2 = Σ = ei2φ/f , f = 93 MeV. (3)
Qc is the real charge matrix diag(2/3,−1/3,−1/3). φ and B are the matrices of pseudo-scalar fields and octet baryons.
A µ is the photon field. The covariant derivative Dµ in the decuplet sector is defined as DνT abcµ = ∂νT
abc
µ +(Γν , Tµ)
abc,
where Γν is the chiral connection defined as (X,Tµ)
abc = (X)adT
dbc
µ + (X)
b
dT
adc
µ + (X)
c
dT
abd
µ . γ
µνα, γµν are the
antisymmetric matrices expressed as
γµν =
1
2
[γµ, γν ] and γµνρ =
1
4
{[γµ, γν ] , γρ} . (4)
The octet, decuplet and octet-decuplet transition operators for magnetic moment are needed in the one loop
calculations. The baryon octet anomalous magnetic Lagrangian is written as
Loct = e
4mB
(
c1 Tr
[
B¯σµν
{
F+µν , B
}]
+ c2 Tr
[
B¯σµν
[
F+µν , B
]]
+ c3 Tr
[
B¯σµνB
]
Tr
[
F+µν , B
] )
, (5)
where,
F †µν = −
1
2
(
ζ†Fµν Qc ζ + ζFµν Qc ζ†
)
. (6)
At the lowest order, the contribution of quark q with unit charge to the octet magnetic moments can be obtained by
replacing the charge matrix Qc with the corresponding diagonal quark matrices λq = diag(δqu, δqd, δqs). Let’s take
the nucleon as an example. After expansion of the above equation, it is found that
F p,u2 = c1 + c2 + c3, F
p,d
2 = c3, F
p,s
2 = c1 − c2 + c3,
Fn,u2 = c3, F
n,d
2 = c1 + c2 + c3, F
n,s
2 = c1 − c2 + c3.
(7)
Comparing with the results of the constituent quark model where
F p,s2 = 0 and F
n,s
2 = 0, (8)
we get
c3 = c2 − c1. (9)
The decuplet anomalous magnetic moment operator is expressed as
Ldec = − ieF
T
2
4MT
T¯µ,abcσρλF
ρλTµ,abc. (10)
The transition magnetic operator is written as
Ltrans = i e
4mB
µTFµν
(
ijkQc,ilB¯jmγ
µγ5 T
ν,klm + ijkQc,liT¯
µ,klm γνγ5Bmj
)
. (11)
The anomalous magnetic moments of baryons can also also be expressed in terms of quark magnetic moments µq. For
example, µp =
4
3µu − 13µd, µn = 43µd − 13µu, µ∆++ = 3µu. Using the SU(3) symmetry, µu = −2µd = −2µs, µT and
FT2 as well as µq can be written in terms of c1 or c2. For example, µu =
2
3c1, µT = 4c1, F
∆++
2 = µ∆++ − 2 = 2c1 − 2.
The gauge invariant nonlocal Lagrangian can be obtained using the method in [25, 26, 35]. For instance, the local
interaction between hyperons and K− meson can be written as
LlocalK =
∫
dx
D + F√
2f
Ξ¯0(x)γµγ5 Σ
+(x)(∂µ + ieAµ(x))K
−(x). (12)
4The corresponding nonlocal Lagrangian is expressed as
LnlK =
∫
dx
∫
dy
D + F√
2f
Ξ¯0(x)γµγ5Σ
+(x)(∂x,µ + ie
∫
daAµ(x− a))F (a)
)
× F (x− y)exp[ie
∫ y
x
dzν
∫
daA ν(z − a)F (a)]K−(y),
(13)
where F (x) is the correlation function. To guarantee gauge invariance, the gauge link is introduced in the above
Lagrangian. With the correlation function, the regulator can be generated automatically.
The nonlocal electromagnetic interaction can also be obtained in the same procedure,. For example, the local
interaction between Σ+ and photon is written as
LlocalEM = −eΣ¯+(x)γµΣ+(x)Aµ(x) +
(c1 + 3c2)e
12mΣ
Σ¯+(x)σµνΣ(x)+Fµν(x). (14)
The corresponding nonlocal Lagrangian is expressed as
LnlEM = −e
∫
daΣ¯+(x)γµΣ(x)+Aµ(x− a)F1(a) + (c1 + 3c2)e
12mΣ
∫
daΣ¯+(x)σµνΣ(x)+Fµν(x− a)F2(a), (15)
where F1(a) and F2(a) are the correlation functions for the nonlocal electric and magnetic interactions.
The momentum dependence of the form factors at tree level can be easily obtained with the Fourier transformation
of the correlation function. As in our previous work [25, 26], the correlation function is chosen such that the charge
and magnetic form factors at tree level have the same momentum dependence as the baryon-meson vertex, i.e.
GB,treeM (q) = µBG
tree
E (q) = µBF˜ (q), where F˜ (q) is the Fourier transformation of the correlation function F (a).
Therefore, the corresponding functions F˜1(q) and F˜2(q) of Σ
+, for example, are expressed as,
F˜Σ
+
1 (q) = F˜ (q)
12mΣ
2 + (3 + c1 + 3c2)Q
2
3(4mΣ2 +Q2)
, F˜Σ
+
2 (q) = F˜ (q)
4(c1 + 3c2)mΣ
2
3(4m2Σ +Q
2)
, (16)
where Q2 = −q2 is the momentum transfer. From Eq. (13), two kinds of couplings between hadrons and photons can
be obtained. One is the normal coupling, expressed as
Lnorm = −ie
∫
dx
∫
dy
D + F√
2f
Ξ¯0(x)γµγ5Σ
+(x)
∫
daAµ(x− a)F (a)F (x− y)K−(y). (17)
This interaction is similar to the traditional local Lagrangian except for the correlation function. The other is the
additional interaction obtained by the expansion of the gauge link, expressed as
Ladd = −ie
∫
dx
∫
dy
D + F√
2f
Ξ¯0(x)γµγ5Σ
+(x)∂x,µ
(
F (x− y)
∫ y
x
dzν
∫
daA ν(z − a)F (a)K−(y)
)
. (18)
The additional interaction guarantees the charge conservation.
III. ELECTROMAGNETIC FORM-FACTORS
The Dirac and Pauli form factors of octet baryons are defined as
〈B(p′)|Jµ|B(p)〉 = u¯(p′)
{
γµFB1 (Q
2) +
iσµνqν
2mB
FB2 (Q
2)
}
u(p), (19)
where q = p′ − p. The electromagnetic form factors are defined as the combinations of the above form factors as
GBE(Q
2) = FB1 (Q
2)− Q
2
4m2B
FB2 (Q
2), GBM (Q
2) = FB1 (Q
2) + FB2 (Q
2). (20)
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FIG. 1. One-loop Feynman diagrams for the octet electromagnetic form factors. The solid, double-solid, dashed and wave
lines are for the octet baryons, decuplet baryons, pseudo-scalar mesons and photons, respectively. The rectangle and black dot
represent magnetic and additional interacting vertex.
With the electromagnetic form factors, the magnetic and electric (charge) radii can be obtained. The magnetic radii
of octet baryons are defined as
〈r2M 〉B =
−6
GBM (0)
dGBM (Q
2)
dQ2
|Q2=0. (21)
The electric radii of charged and neutral baryons are defined as
〈r2E〉B =
−6
GBE(0)
dGBE(Q
2)
dQ2
|Q2=0 and 〈r2E〉B = −6
dGBE(Q
2)
dQ2
|Q2=0, (22)
respectively.
According to the Lagrangian, the one loop Feynman diagrams which contribute to the octet electromagnetic form
factors are shown in Fig. 1. From the Lagrangian, we can get the matrix element of Eq. (19). Let’s take the Σ
hyperons as an example. In this section, we only show the expressions for the intermediate octet baryons. For the
intermediate decuplet baryons, the expressions are similar but more complicated which are expressed in Appendix A.
The contributions of Fig. 1a are written as
Γµa(Σ
−) =
F 2
f2
IΣpia +
D2
3f2
IΛpia +
(D − F )2
2f2
INKa , (23)
Γµa(Σ
0) =
(D − F )2
4f2
INKa −
(D + F )2
4f2
IΞKa , (24)
Γµa(Σ
+) = −F
2
f2
IΣpia −
D2
3f2
IΛpia −
(D + F )2
2f2
IΞKa , (25)
where the integral IBMa is expressed as
IBMa = u¯(p
′)F˜ (q)
∫
d4k
(2pi)4
F˜ (q + k)F˜ (k)
DM (k + q)
−(2k + q)µ
DM (k)
(/k + /q)γ5
1
/p− /k −mB
/kγ5u(p). (26)
6DM (k) is defined as
DM (k) = k
2 −m2M + i. (27)
mB and mM are the masses of the intermediate B baryon and M meson.
The contributions of Fig. 1b are expressed as
Γµb (Σ
−) =
F
(
c1DQ
2 − F ((−2c1 + 3c2 + 3)Q2 + 12m2Σ))
3f2 (4m2Σ +Q
2)
IΣpib −
c1DQ
2(D − 3F )
9f2 (4m2Λ +Q
2)
IΛpib (28)
− c1Q
2(D − F )2
3f2 (4m2N +Q
2)
INKb −
(D + F )2
(
(−c1 + 3c2 + 3)Q2 + 12m2Ξ
)
6f2 (4m2Ξ +Q
2)
IΞKb ,
Γµb (Σ
0) =
2c1F
2Q2
3f2 (4m2Σ +Q
2)
IΣpib −
c1D
2Q2
9f2 (4m2Λ +Q
2)
IΛpib (29)
+
(D − F )2 ((−c1 + 3c2 + 3)Q2 + 12m2N)
12f2 (4m2N +Q
2)
INKb −
(D + F )2
(
(c1 + 3c2 + 3)Q
2 + 12m2Ξ
)
12f2 (4m2Ξ +Q
2)
IΞKb ,
Γµb (Σ
+) =
F
(
c1(−D)Q2 + (2c1 + 3c2 + 3)FQ2 + 12Fm2Σ
)
3f2 (4m2Σ +Q
2)
IΣpib −
c1DQ
2(D + 3F )
9f2 (4m2Λ +Q
2)
IΛpib (30)
+
(D − F )2 ((c1 + 3c2 + 3)Q2 + 12m2N)
6f2 (4m2N +Q
2)
INKb −
c1Q
2(D + F )2
3f2 (4m2Ξ +Q
2)
IΞKb ,
where the integral IBMb is written as
IBMb = u¯(p
′)F˜ (q)
∫
d4k
(2pi)4
F˜ (k)2
DM (k)
/kγ5
1
/p′ − /k −mB γ
µ 1
/p− /k −mB
/kγ5u(p). (31)
Fig. 1c is similar to Fig. 1b except for the magnetic interaction. The contributions of this diagram are written as
Γµc (Σ
−) =
2FmΣ (c1(D + 2F )− 3c2F )
3f2 (4m2Σ +Q
2)
IΣpic −
2c1D(D − 3F )mΛ
9f2 (4m2Λ +Q
2)
IΛpic (32)
− 2c1(D − F )
2mN
3f2 (4m2N +Q
2)
INKc +
(c1 − 3c2) (D + F )2mΞ
3f2 (4m2Ξ +Q
2)
IΞKc ,
Γµc (Σ
0) =
4c1F
2mΣ
3f2 (4m2Σ +Q
2)
IΣpic −
2c1D
2mΛ
9f2 (4m2Λ +Q
2)
IΛpic (33)
− (c1 − 3c2) (D − F )
2mN
6f2 (4m2N +Q
2)
INKc −
(c1 + 3c2) (D + F )
2mΞ
6f2 (4m2Ξ +Q
2)
IΞKc ,
Γµc (Σ
+) =
2FmΣ (c1(−D) + 2c1F + 3c2F )
3f2 (4m2Σ +Q
2)
IΣpic −
2c1D(D + 3F )mΛ
9f2 (4m2Λ +Q
2)
IΛpic (34)
+
(c1 + 3c2) (D − F )2mN
3f2 (4m2N +Q
2)
INKc −
2c1(D + F )
2mΞ
3f2 (4m2Ξ +Q
2)
IΞKc ,
where IBMc is expressed as
IBMc = u¯(p
′)F˜ (q)
∫
d4k
(2pi)4
F˜ (k)2
DM (k)
/kγ5
1
/p′ − /k −mB iσ
µνqν
1
/p− /k −mB
/kγ5u(p). (35)
7Tree Loop Total Lattice [37] Lattice [31] NJL [38] PCQM [39] Exp. [40]
µp 1.850 0.795 2.644± 0.159 2.4(2) 2.3(3) 2.78 2.735± 0.121 2.793
µn −0.859 −1.126 −1.984± 0.216 −1.59(17) −1.45(17) −1.81 −1.956± 0.103 −1.913
µΣ+ 1.850 0.572 2.421± 0.147 2.27(16) 2.12(18) 2.62 2.537± 0.201 2.458± 0.010
µΣ0 0.429 0.155 0.584± 0.077 − − − 0.838± 0.091 −
µΣ− −0.991 −0.262 −1.253± 0.008 −0.88(8) −0.85(10) −1.62 −0.861± 0.040 −1.160± 0.025
µΛ −0.429 −0.165 −0.594± 0.057 − − − −0.867± 0.074 −0.613± 0.004
µΞ0 −0.859 −0.521 −1.380± 0.169 −1.32(4) −1.07(7) −1.14 −1.690± 0.142 −1.250± 0.014
µΞ− −0.991 0.266 −0.725± 0.077 −0.71(3) −0.57(5) −0.67 −0.840± 0.087 −0.651± 0.080
TABLE I. The tree, loop and total contributions to the octet magnetic moments µB (in units of the nucleon magneton µN ).
The results from two lattice simulations, NJL and PCQM models as well as the experimental data are also listed.
Fig. 1d and 1e are the Kroll-Ruderman diagrams. The contributions of these two diagrams are written as
Γµd+e(Σ
−) =
F 2
f2
IΣpid+e +
D2
3f2
IΛpid+e +
(D − F )2
2f2
INKd+e , (36)
Γµd+e(Σ
0) =
(D − F )2
4f2
INKd+e −
(D + F )2
4f2
IΞKd+e, (37)
Γµd+e(Σ
+) = −F
2
f2
IΣpid+e −
D2
3f2
IΛpid+e −
(D + F )2
2f2
IΞKd+e, (38)
where
IBMd+e = u¯(p
′)F˜ (q)
∫
d4k
(2pi)4
F˜ (k)2
DM (k)
{
/kγ5
1
/p′ − /k −mB γ
µγ5 + γ
µγ5
1
/p− /k −mB
/kγ5
}
u(p). (39)
Fig. 1f and 1g are the additional diagrams which are generated from the expansion of the gauge link terms. The
contributions of these two diagrams for intermediate octet hyperons are expressed as
Γµf+g(Σ
−) =
F 2
f2
IΣpif+g +
D2
3f2
IΛpif+g +
(D − F )2
2f2
INKf+g , (40)
Γµf+g(Σ
0) =
(D − F )2
4f2
INKf+g −
(D + F )2
4f2
IΞKf+g, (41)
Γµf+g(Σ
+) = −F
2
f2
IΣpif+g −
D2
3f2
IΛpif+g −
(D + F )2
2f2
IΞKf+g, (42)
where
IBMf+g = u¯(p
′)F˜ (q)
∫
d4k
(2pi)4
F˜ (k)
DM (k)
{ (2k − q)µ
2kq − q2 [F˜ (k − q)− F˜ (k)]/kγ5
1
/p′ − /k −mB (−
/k + /q)γ5
+
(2k + q)µ
2kq + q2
[F˜ (k + q)− F˜ (k)](/k + /q)γ5 1
/p− /k −mB
/kγ5
}
u(p).
(43)
Using Package-X [36] to simplify the loop integral, we can get the expressions for the Dirac and Pauli form factors.
In the next section, we discuss the numerical results.
IV. NUMERICAL RESULTS
The coupling constants between octet baryons and mesons are determined by the two parameters D and F . In the
numerical calculations, the parameters are chosen as D = 0.76 and F = 0.50 (gA = D + F = 1.26). The coupling
constant C is chosen to be 2D which is the same as in Ref. [25, 41]. The off-shell parameter z is −1 [42].The covariant
8regulator is chosen to be dipole form [25–27]
F˜ [k] =
Λ4
(k2 −m2j − Λ2)2
, (44)
where mj is the meson mass for the baryon-meson interaction and it is zero for the hadron-photon interaction. It was
found that when Λ was around 0.90 GeV, the obtained nucleon form factors are very close to the experimental data.
Therefore, all the above parameters are predetermined. There are only two free parameters which are the low energy
constants c1 and c2. In our previous calculation for the nucleon form factors, they are fitted by the experimental
nucleon magnetic moments. Here, c1 and c2 are determined to be 1.288 and 0.420, which give the minimal standard
variation χ2 of the octet magnetic moments.
In Table I, the tree, loop and total contributions to the baryon magnetic moments obtained from the nonlocal
chiral effective theory are listed. The error bar in our calculation is determined by varying Λ from 0.8 to 1.0 GeV.
The results from two lattice simulations, NJL and PCQM models as well as the experimental data are also listed for
comparison. From the table, one can see that all the magnetic moments of baryon octets are reasonably reproduced.
The largest deviation from the experiments is for Ξs, where the calculated absolute values of magnetic moments of
µΞ0 and µΞ− are about 10% larger than experimental ones. For the other baryons, the deviation from the experiments
is less than 5%. It is interesting that all the tree and loop contributions have the same signs except for Ξ−, where the
loop diagrams give the opposite contribution to the tree diagram. The data from lattice simulations are somewhat
smaller which is partially due to the large pion mass and/or the neglecting of the disconnected contribution.
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FIG. 2. The normalized magnetic form factors of charged octet baryons GBM/µB versus momentum transfer Q
2. The solid,
dashed, dotted and dash-dotted lines are for proton, Σ+, Σ− and Ξ−, respectively. The experimental form factor of proton is
from Refs. [43–49].
The magnetic form factors of charged octet baryons versus momentum transfer Q2 are plotted in Fig. 2. The solid,
dashed, dotted and dash-dotted lines are for proton, Σ+, Σ− and Ξ−, respectively. It is clear the proton magnetic
form factor is comparable with the experimental data up to 1 GeV2. This is the advantage of the nonlocal chiral
effective theory. The correlation function in the nonlocal Lagrangian makes the loop integral convergent. In the mean
time, it provides the momentum dependence of the form factors at tree level, and as a result, the total form factors
can be close to the experimental data up to relatively large Q2. The other charged form factors have the similar
momentum dependence as proton. Among them, Ξ− decreases a little slower with the increasing Q2. The magnetic
radii are determined by the slops of the form factors at zero momentum transfer which will be discussed later.
The normalized magnetic form factors for the charge neutral baryons are plotted in Fig. 3. The solid, dashed,
dotted and dash-dotted lines are for neutron, Σ0, Λ and Ξ0, respectively. The magnetic from factors of Σ0, Λ and Ξ0
are close to each other. The neutron magnetic form factor is a little smaller than the experimental data and it drops
faster than the other three neutral baryons. All of the form factors have a dipole-like momentum dependence.
The tree, loop and total contributions to the magnetic radii of octet baryons are listed in Table II. The data from
lattice simulation and phenomenological quark models are also listed for comparison. Though our central values for
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FIG. 3. The normalized magnetic form factors of neutral octet baryons GBM/µB versus momentum transfer Q
2. The solid,
dashed, dotted and dash-dotted lines are for neutron, Σ0, Λ and Ξ0, respectively. The experimental form factor of neutron is
from Refs. [46, 49–57].
Tree Loop Total Lattice [30] Lattice [31] NJL [38] PCQM [39] Exp. [40]
〈r2M 〉p 0.403 0.382 0.785± 0.132 0.470(48) 0.71(8) 0.76 0.909± 0.084 0.74± 0.10
〈r2M 〉n 0.250 0.596 0.845± 0.148 0.478(50) 0.86(9) 0.83 0.922± 0.079 0.76± 0.02
〈r2M 〉Σ+ 0.441 0.324 0.765± 0.131 0.466(42) 0.66(5) 0.77 0.885± 0.094 −
〈r2M 〉Σ0 0.424 0.194 0.618± 0.124 0.432(38) − − 0.851± 0.102 −
〈r2M 〉Σ− 0.456 0.445 0.901± 0.119 0.483(49) 1.05(9) 0.92 0.951± 0.083 −
〈r2M 〉Λ 0.417 0.203 0.620± 0.126 0.347(24) − − 0.852± 0.103 −
〈r2M 〉Ξ0 0.359 0.298 0.657± 0.128 0.384(22) 0.53(5) 0.44 0.871± 0.099 −
〈r2M 〉Ξ− 0.789 −0.255 0.534± 0.135 0.336(18) 0.44(5) 0.26 0.840± 0.109 −
TABLE II. The tree, loop and total contributions to the octet magnetic radii 〈r2M 〉B (in units of fm2). The results from two
lattice simulations, NJL and PCQM models as well as the experimental data are also listed.
proton and neutron are a little larger than experiments, the results are still reasonable. The magnetic radii of octet
baryons vary from 0.5 fm2 to 0.9 fm2, but show no simple dependence on baryon/quark mass. Ξ− has the largest
contribution at tree level. Because of the opposite contribution from the loop diagrams, its total radius is the smallest
one. Amazing thing is though the values from different methods are quite different, the order of the values from the
largest to smallest is the same. For example, Σ− and Ξ− have the largest and smallest magnetic radii, respectively.
The neutron magnetic radii is the second largest one. Our results also show the tree and loop contributions are
strongly baryon dependent. The loop contribution to 〈r2M 〉Σ0 is less than one half of the tree contribution. However,
for neutron, the loop contribution is twice bigger than the tree contribution.
We now discuss the electric form factors. In Fig. 4, we plot the electric form factors of the charged baryons. Because
of the additional interaction which makes the nonlocal Lagrangian locally gauge invariant, the electric form factors
start from their charge at Q2 = 0. The proton charge form factors is close to the experimental data. The absolute
values of the electric form factors of charged baryons have the similar momentum dependence. This could be examined
by the further experiments and/or accurate lattice simulation.
The electric form factors for the neutral baryons are plotted in Fig. 5. Again due to the charge conservation, the
form factors start from 0 at zero momentum transfer. The calculated electric form factor of neutron is consistent
with the experimental data. The form factors of the other neutral baryons are very small. There is no tree level
contribution to the electric form factors of neutral baryons and all the contributions are from the loop diagrams.
Among them, neutron has the largest contribution from pi-loop diagrams. The corresponding pi-loop diagrams for the
other neutral baryons are fairy small due to the small coupling constants.
The charge radii of octet baryons are listed in Table III. Our results are comparable with the experimental data in
PDG for nucleon and Σ−. A small proton charge radius 〈rE〉p = 0.831 ± 0.007 ± 0.012, i.e. 〈r2E〉p = 0.691 ± 0.032
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was reported recently [3] which is also close to our value 〈r2E〉p = 0.729 ± 0.112. For the neutral baryons, the loop
contribution is very small except neutron. For the charged baryons, the tree level contributions are the same which
are also dominant for all of them. The loop contribution has the same order of magnitude except for Ξ−, where the
loop contribution is small. Different from the magnetic radii, the total charge radii vary around 0.6 and 0.7 fm2 for
the charged baryons.
Janssens1966
Berger1971
Price1971
Hanson1973
Murphy1974
Hohler1976
Simon1980
Walker1994
Arrington2007
pΣ+Σ-Ξ-
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Q2(GeV2)
G
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FIG. 4. Same as Fig. 2 but for electric form factors, The experimental form factor of proton is from Refs. [43–45, 47, 48, 58–61].
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Bruins1995
Herberg1999
Ostrick1999
Passchier1999
Golak2001
Bermuth2003
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FIG. 5. Same as Fig. 3 but for electric form factors, The experimental form factor of neutron is from Refs. [50, 52, 56, 62–68].
V. SUMMARY
We applied the nonlocal chiral effective theory to study the electromagnetic form factors of octet baryons. The
correlation function in the Lagrangian makes the loop integral convergent. It also provides the momentum dependence
of the form factors at tree level. The additional interaction generated from the expansion of the gauge link guarantees
the Lagrangian is locally gauge invariant. This nonlocal Lagrangian makes it possible to study the physical quantities
at relatively large momentum transfer in the framework of chiral effective theory. In the numerical calculation, all
the parameters are predetermined except the two low energy constants c1 an c2. They are fitted to give the minimum
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Tree Loop Total Lattice [24] Lattice [32] NJL [38] PCQM [39] Exp. [40]
〈r2E〉p 0.577 0.152 0.729± 0.112 0.685(66) 0.76(10) 0.76 0.767± 0.113 0.76± 0.09
〈r2E〉n 0 −0.146 −0.146± 0.018 −0.158(33) − −0.14 −0.014± 0.001 −0.116± 0.002
〈r2E〉Σ+ 0.577 0.142 0.719± 0.116 0.749(72) 0.61(8) 0.92 0.781± 0.108 −
〈r2E〉Σ0 0 0.010 0.010± 0.004 − − − 0 −
〈r2E〉Σ− 0.577 0.123 0.700± 0.124 0.657(58) 0.45(3) 0.74 0.781± 0.063 0.61± 0.21
〈r2E〉Λ 0 −0.015 −0.015± 0.004 0.010(9) − − 0 −
〈r2E〉Ξ0 0 −0.015 −0.015± 0.007 0.082(29) − 0.24 0.014± 0.008 −
〈r2E〉Ξ− 0.577 0.025 0.601± 0.127 0.502(47) 0.37(2) 0.58 0.767± 0.113 −
TABLE III. The tree, loop and total contributions to the octet charge radii 〈r2E〉B (in units of fm2). The results from two
lattice simulations, NJL and PCQM models as well as the experimental data are also listed.
of the standard deviation. When extending the previous study of form factors of nucleon to all the baryon octets, we
do not add any new parameter. The magnetic moments are well reproduced. The deviation from the experiments
is less than 5% except Ξ0 and Ξ−, where the deviation is about 10%. For the radii, most experiments focus on the
nucleon and there is few data for the other baryons. Our results on magnetic and charge radii are comparable with
the current experimental data. The calculated nucleon form factors are close to the experiments up to Q2 = 1 GeV2.
For the other octet baryons, since the method is the same, we expect this nonlocal Lagrangian can also give good
descriptions. The difference between our results and those of other theoretical methods could be examined by future
experiments and more accurate lattice simulations.
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Appendix A: Decuplet Expressions
In this section, we show the expressions of one loop integrals for decuplet intermediate states. The contribution for
Fig. 1h can be written as
Γµh(Σ
−) =
C2
12f2
IΣ
∗pi
h +
C2
6f2
I∆Kh , (A1)
Γµh(Σ
0) = − C
2
12f2
IΣ
∗pi
h +
C2
3f2
I∆Kh , (A2)
Γµh(Σ
+) = − C
2
12f2
IΣ
∗pi
h −
C2
6f2
IΞ
∗pi
h +
C2
2f2
I∆Kh , (A3)
where the integral ITMh is expressed as
ITMh = u¯(p
′) F˜ (q)
∫
d4k
(2pi)4
F˜ (q + k)F˜ (k)
DM (k)
2(k + q)µ
DM (q + k)
(A4)
×((k + q)σ + z(/k + /q)γσ) 1
/p− /k −mT Sσρ(p− k)(−k
ρ − zγρ/k)u(p). (A5)
mT is the mass of the decuplet intermediate state and Sσρ(p) is expressed as
Sσρ(p) = −gσρ + γσγρ
3
+
pσpρ
3mT 2
+
γσpρ − γρpσ
3mT
. (A6)
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The contribution for Fig. 1i is written as
Γµi (Σ
−) = − C
2
(
(c1 + 3c2 + 3)Q
2 + 12m2Σ∗
)
36f2 (4m2Σ∗ +Q2)
IΣ
∗pi
i −
C2 ((c1 + 3c2 + 3)Q2 + 12m2∆)
6f2 (4m2∆ +Q
2)
I∆Ki (A7)
− C
2
(
(c1 + 3c2 + 3)Q
2 + 12m2Ξ∗
)
18f2 (4m2Ξ∗ +Q2)
IΞ
∗K
i ,
Γµi (Σ
0) =
C2 ((c1 + 3c2 + 3)Q2 + 12m2∆)
9f2 (4m2∆ +Q
2)
I∆Ki −
C2 ((c1 + 3c2 + 3)Q2 + 12m2Ξ∗)
36f2 (4m2Ξ∗ +Q2)
IΞ
∗K
i , (A8)
Γµi (Σ
+) =
C2 ((c1 + 3c2 + 3)Q2 + 12m2Σ∗)
36f2 (4m2Σ∗ +Q2)
IΣ
∗pi
i +
7C2 ((c1 + 3c2 + 3)Q2 + 12m2∆)
18f2 (4m2∆ +Q
2)
I∆Ki , (A9)
where the integral ITMi is written as
ITMi = u¯(p
′) F˜ (q)
∫
d4k
(2pi)4
F˜ (k)2
DM (k)
(kσ + z/kγσ) (A10)
× 1
/p
′ − /k −mT Sσα(p
′ − k)γαβµ 1
/p− /k −mT Sβρ(p− k)(k
ρ + zγρ/k)u(p). (A11)
The contribution for Fig. 1j is written as
Γµj (Σ
−) =
(c1 + 3c2) C2mΣ∗
18f2 (4m2Σ∗ +Q2)
IΣ
∗pi
j +
(c1 + 3c2) C2m∆
3f2 (4m2∆ +Q
2)
I∆Kj +
(c1 + 3c2) C2mΞ∗
9f2 (4m2Ξ∗ +Q2)
IΞ
∗K
j , (A12)
Γµj (Σ
0) = − 2 (c1 + 3c2) C
2m∆
9f2 (4m2∆ +Q
2)
I∆Kj +
(c1 + 3c2) C2mΞ∗
18f2 (4m2Ξ∗ +Q2)
IΞ
∗K
j , (A13)
Γµj (Σ
+) = − (c1 + 3c2) C
2mΣ∗
18f2 (4m2Σ∗ +Q2)
IΣ
∗pi
j −
7 (c1 + 3c2) C2m∆
9f2 (4m2∆ +Q
2)
I∆Kj , (A14)
where the integral ITMj is expressed as
ITMj = u¯(p
′) F˜ (q)
∫
d4k
(2pi)4
F˜ (k)2
DM (k)
(kσ + z/kγσ) (A15)
× 1
/p
′ − /k −mT Sσν(p
′ − k)iσµλqλ 1
/p− /k −mT S
νρ(p− k)(kρ + zγρ/k)u(p). (A16)
The contribution for the intermediate octet-decuplet transition diagrams Fig. 1 k & l is expressed as
Γµk+l(Σ
−) = − c1CF
12f2mΣ
IΣ
∗Σpi
k+l +
c1CD
12f2mΛ
IΣ
∗Λpi
k+l +
c1C(D − F )
6f2mN
I∆NKk+l , (A17)
Γµk+l(Σ
0) = − c1CF
6f2mΣ
IΣ
∗Σpi
k+l −
c1C(D + F )
12f2mΞ
IΞ
∗ΞK
k+l , (A18)
Γµk+l(Σ
+) = − c1CF
4f2mΣ
IΣ
∗Σpi
k+l −
c1CD
12f2mΛ
IΣ
∗Λpi
k+l −
c1C(D − F )
6f2mN
I∆NKk+l −
c1C(D + F )
6f2mΞ
IΞ
∗ΞK
k+l , (A19)
where the integral ITBMk+l is written as,
ITBMk+l = u¯(p
′)F˜ (q)
∫
d4k
(2pi)4
F˜ (k)2
DM (k)
{
/kγ5
1
/p
′ − /k −mB (−/q)γ5
1
/p− /k −mT S
µρ(p− k)(kρ + zγρ/k)
+/kγ5
1
/p
′ − /k −mB γ
µγ5qν
1
/p− /k −mT S
νρ(p− k)(kρ + zγρ/k)
+(kν + z/kγν)
1
/p
′ − /k −mT S
νρ(p′ − k)(−qρ)γµγ5 1
/p− /k −mB
/kγ5
+(kν + z/kγν)
1
/p
′ − /k −mT S
νµ(p′ − k)/qγ5 1
/p− /k −mB
/kγ5
}
u(p).
(A20)
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The contribution for the Kroll-Ruderman diagrams Fig. 1 m & n is written as
Γµm+n(Σ
−) =
C2
12f2
IΣ
∗pi
m+n +
C2
6f2
I∆Km+n, (A21)
Γµm+n(Σ
0) =
C2
3f2
I∆Km+n −
C2
12f2
IΣ
∗K
m+n, (A22)
Γµm+n(Σ
+) = − C
2
12f2
IΣ
∗pi
m+n +
C2
2f2
I∆Km+n −
C2
6f2
IΞ
∗K
m+n, (A23)
where the integral ITMm+n is written as,
ITMm+n = u¯(p
′)F˜ (q)
∫
d4k
(2pi)4
F˜ (k)2
DM (k)
{
(kσ + z/kγσ)
1
/p
′ − /k −mT S
σρ(p′ − k) (gρµ + zγργµ) +
(gµσ + zγ
µγσ)
1
/p− /k −mT S
σρ(p− k) (kρ + zγρ/k)
}
u(p).
(A24)
The contribution for the additional diagrams with intermediate decuplet states Fig. 1 o & p is expressed as
Γµo+p(Σ
−) =
C2
12f2
IΣ
∗pi
o+p +
C2
6f2
I∆Ko+p , (A25)
Γµo+p(Σ
0) =
C2
3f2
I∆Ko+p −
C2
12f2
IΣ
∗K
o+p , (A26)
Γµo+p(Σ
+) = − C
2
12f2
IΣ
∗pi
o+p +
C2
2f2
I∆Ko+p −
C2
6f2
IΞ
∗K
o+p , (A27)
where the integral ITMo+p is written as
ITMo+p = u¯(p
′)F˜ (q)
∫
d4k
(2pi)4
F˜ (k)
DM (k){ (−2k + q)µ
−2kq + q2
(
F˜ (k − q)− F˜ (k)
)
(kσ + z/kγσ)
1
/p
′ − /k −mT S
σρ(p′ − k) ((k − q)ρ + zγρ(/k − /q))
+
(2k + q)µ
2kq + q2
(
F˜ (k + q)− F˜ (k)
) (
(k + q)σ + z(/k + /q)γσ
) 1
/p− /k −mT S
σρ(p− k) (kρ + zγρ/k)
}
u(p).
(A28)
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